Somatic cell gene targeting combined with nuclear transfer cloning presents tremendous potential for the creation of new, large-animal models of human diseases. Mouse disease models often fail to reproduce human phenotypes, underscoring the need for the generation and study of alternative disease models. Mice deficient for CFTR have been poor models for cystic fibrosis (CF), lacking many aspects of human CF lung disease. In this study, we describe the production of a CFTR gene-deficient model in the domestic ferret using recombinant adeno-associated virus-mediated gene targeting in fibroblasts, followed by nuclear transfer cloning. As part of this approach, we developed a somatic cell rejuvenation protocol using serial nuclear transfer to produce live CFTR-deficient clones from senescent gene-targeted fibroblasts. We transferred 472 reconstructed embryos into 11 recipient jills and obtained 8 healthy male ferret clones heterozygous for a disruption in exon 10 of the CFTR gene. To our knowledge, this study represents the first description of genetically engineered ferrets and describes an approach that may be of substantial utility in modeling not only CF, but also other genetic diseases.
Introduction
Cystic fibrosis (CF) is the most common autosomal recessive condition affecting white individuals. Although the CFTR gene -which encodes an epithelial chloride channel that is defective in CF -was cloned nearly 2 decades ago, progress toward treatments has been hindered by the lack of an animal model that reproduces the life-threatening lung infections observed in CF patients. While certain CF mouse models demonstrate phenotypic alterations in response to bacterial agarose bead challenge in the lung (1), they fail to develop the natural progression of spontaneous disease seen in humans. This is most likely due to species-specific expression of alternative chloride channels in their airways (2, 3) . The domestic ferret (Mustela putorius furo) has been considered as an alternative species for modeling CF, given the high degree of similarity between ferret and human lung biology and known utility as a model for other types of lung infection, such as SARS (4) and influenza (5) virus.
The domestic ferret is an attractive alternative species to model CF for several reasons. First, ferrets and humans share a remarkably similar airway cytoarchitecture (6-8), a feature not shared by humans and mice. Second, the expression pattern of the CFTR gene is extremely similar in ferret and human airways (9, 10) , with the highest levels in submucosal glands. Bioelectric and pharmacologic properties of the CFTR chloride channel in ferret airway epithelia are also similar to those seen in human airway epithelia (11) . In contrast to those of mice, ferret and human tracheobronchial airways contain abundant submucosal glands that express high levels of CFTR (9, 10, 12) ; these glands have been shown to be critical for airway innate immunity in the ferret (13) , as predicted for humans (14, 15) . Gene transfer to ferret airway epithelia with several adenoassociated virus (AAV) serotypes has also been shown to be very closely conserved to that seen in human airway epithelia (16) ; again, a conservation not shared with mice (3) . In addition, the ferret has a 42-day gestation time and reaches sexual maturity in 5-6 months (17) , making it one of the more rapidly reproducing species for animal modeling by somatic cell nuclear transfer (SCNT). Together, these studies point to the potential of the ferret to be a good species on which to model CF lung disease in humans.
Since the birth of Dolly (18) , the concept of combining SCNT with gene targeting in somatic cells has held tremendous potential for the development of new animal models of human disease such as CF. However, to date, this approach has failed to deliver on such potential due to technical challenges. A few laboratories have successfully applied SCNT with gene-targeting technology in livestock for agricultural and biomedical (organ transplantation and protein production) applications (19) (20) (21) (22) . However, to our knowledge, no report has yet to apply this application to generate better non-rodent disease models. The development of robust gene-targeting technologies that are compatible with SCNT have also been rate limiting, slowing progress in this area. Additionally, efficient nuclear transfer (NT) cloning procedures for potentially useful species such as ferret have lagged behind those for larger species such as sheep (8%-10%) (18, 23) , cattle (10%-20%) (24, 25) , and pigs (5.5%) (26) . These cloning efficiencies of 5%-20% have been sufficient to generate gene-targeted sheep, cattle, and pigs (19) (20) (21) (22) . While ferret cloning from highly reprogrammable somatic cumulus cells has been reported (27) , SCNT methods with fibroblasts (the best cell type for gene targeting) have yet to be developed. Thus, further optimization of fibroblast-based SCNT cloning procedures are needed to facilitate the development of genetic models in the ferret.
Here we report the production of cloned domestic ferrets heterozygous for a disrupted CFTR gene. Critical to this success was the development of recombinant AAV (rAAV) gene-targeting methods in fetal ferret fibroblasts and a serial NT cloning technique to rejuvenate senescent gene-targeted cells prior to cloning of full-term ferrets. Using this serial cloning technique, 8 healthy CFTR gene-disrupted male ferrets were obtained from 11 recipient jills. This study has demonstrated the feasibility of AAV-mediated genetic manipulation in the ferret using SCNT. Such an approach may also be of utility in genetic manipulation and disease modeling in other species.
Results
rAAV-mediated targeting of the CFTR gene in ferret fetal fibroblasts. rAAV has been previously shown to facilitate homologous recombination between its viral DNA and cellular genomic DNA of infected fibroblasts (28) . Therefore, we chose to use this virus to target the CFTR gene in ferret fibroblasts. A ferret BAC library (CHORI-237) was constructed by the BACPAC Resources Center, Children's Hospital Oakland Research Institute, and used to isolate an approximately 150-kb genomic fragment containing exon 10 of the CFTR gene. Genomic sequences from this BAC clone were used to generate a rAAV targeting vector harboring a PGK promoter-driven neomycin resistance gene cassette flanked by sequences encompassing CFTR exon 10 and the adjacent introns ( Figure 1 ). Male fetal fibroblasts derived from 28-day fetuses were used for CFTR gene targeting with rAAV serotype-2 (rAAV2). Fibroblasts were infected with rAAV2 virus at a multiplicity of infection of 100,000 particles per cell and subsequently serially diluted into 96-well plates and placed under G418 selection. During optimization of this procedure, we found that the number of cells seeded into each well and the timing of G418 section after plating were the most critical variables to the subcloning process, which targeted 15%-30% of wells with surviving clones by 15 days. Typically, seeding 200-500 cells per well and initiation of selection (300 μg/ml G418) at day 2 following passaging into 96-well plates was optimal.
Following replica plating of each primary 96-well plate of selected fibroblast clones, a single plate was used for PCR screening of flanking sequences outside each targeting arm of the vector (Figure 1A) . In total, approximately 500 clones were typically screened in a single experiment. Although the efficiency of gene targeting ranged from 0.5%-2% depending on the experiment, we found that the largest hurdle was the rapid senescence of PCR-positive targeted clones once they were expanded to 24-well plates. Initially, this was an obstacle that prevented direct confirmation of gene targeting by Southern blotting prior to SCNT.
Rejuvenation of PCR-positive CFTR-targeted senescent fibroblasts by SCNT. CFTR-targeted ferret fibroblast clones senesce rapidly during expansion following the initial round of PCR screening; therefore, it was necessary to develop methods for rejuvenating and expanding these candidate CFTR-targeted clones for Southern blot confirmation of the CFTR-targeting events. To this end, we performed several rounds of SCNT on 3 independent PCR-positive CFTR-targeted clones and successfully cloned six 21-day ferret fetuses by NT ( Table 1) . Each of these NT fetuses was dissociated with trypsin, and primary fetal fibroblasts were generated under selection with G418. DNA was then derived from each of these primary fibroblast lines and used for Southern blotting. From these cultures, one of the 3 original senescent fibroblast lines (CL-B96) gave rise to secondary NT-derived fetal fibroblasts with a "clean" CFTR gene-targeting event and no other integrations, as shown by Southern blotting ( Figure 1B ). The remaining 2 senescent fibroblast lines gave rise to NT-derived fetal fibroblasts that were neomycin resistant but had an insertion of the rAAV vector at a nonhomologous site in the genome. NT-derived fetal fibroblasts from the CL-B96 rejuvenated fibroblast clone were expanded to passage 5 for SCNT cloning of live-birth ferrets.
SCNT cloning of CFTR-targeted ferrets from fetal fibroblasts. We have reported methods of SCNT cloning of ferrets using cumulus cells (27) . However, in initial pilot studies, we observed that these previous methods were not compatible with efficient cloning from fetal fibroblasts. Thus, ferret SCNT protocols were optimized to resolve the major deficiencies preventing successful ferret cloning with fetal fibroblasts. Major variables included the age of recipient oocytes, alterations to media designed to reduce the stress during embryo manipulation, and optimization of the timing for oocyte activation to more efficiently promote nuclear remodeling. Using this optimized method for ferret fibroblasts, we observed a doubling in oocyte implantation as compared with the previous methods developed for cumulus cells (Table 2 ). This enhanced level of implantation also led to normal fetal development in 2.2% of implanted reconstructed embryos, whereas fetal development failed to occur when we used the previous methods employing cumulus cells (Table 2) .
Using this improved method of SCNT with ferret fibroblasts, we proceeded to clone live-birth ferrets from the NT-rejuvenated, CFTR-targeted fibroblasts (CL-B96). In total, 11 recipient jills were each adoptively transferred with 35-60 reconstructed NT embryos derived from the CL-B96 line and allowed to develop to term (Table 3) . Fourteen live pups were born by natural birth or C-section from these 11 jills. Twelve of these 14 pups appeared to be healthy at birth. In 3 cases however, the jills only nursed one pup in the litter or failed to nurse at all. Two abandoned pups were rescued by transfer to foster jills. However, it was not possible to do this in all cases of parental neglect, since surrogate jills were not always available. Two of the 14 pups born appeared weak and died; however, it was unclear whether the jills were lactating and surrogates were not available at the time. Southern blotting confirmed that all 8 of the surviving NT cloned ferrets ( Figure 2A ) were heterozygous for a single targeted allele of the CFTR gene ( Figure 2B ). Furthermore, these ferrets all remained healthy and had preweaning growth rates similar to those of noncloned pups ( Figure 2C ).
Discussion
Combining rAAV-mediated gene targeting with SCNT cloning lays the foundation for numerous other applications in disease modeling with ferrets and other species (see the companion article in this issue; ref. 29) . In previous reports of the generation of genetargeted animals in pig (20, 21) , cow (22) , and sheep (19) , linear fragments have been used to facilitate gene targeting with nonviral gene transfer methods. Important differences between these previous approaches and our current strategy are worth noting. First, gene-targeting experiments in pig and sheep fibroblasts have utilized expression from the endogenous promoter of the target gene to facilitate positive selection by insertion of an internal ribosome entry site upstream to the resistance marker gene (19) (20) (21) . This was not feasible for targeting the CFTR locus, since this gene is not expressed in fibroblasts. A second strategy used to target the bovine gene encoding immunoglobulin-μ required an alternative approach, since this gene is not expressed in fibroblasts (22) . In this context, a diphtheria toxin A gene was used as a negative marker to select against random integration events and led to a targeting efficiency of approximately 0.5%. This efficiency of targeting appears to be similar to that obtained in our experiments to target the ferret CFTR allele using rAAV.
Selection of gene-targeted fibroblasts can lead to rapid senescence. This was indeed the case in the ferret, where CFTR-targeted fibroblast clones rarely expanded beyond 1 × 10 6 cells. Factors affecting senescence appear to be linked to neomycin selection and stress induced by this process, as serial dilution cloning of nonselected fibroblast could easily be expanded to greater than 5 × 10 7 cells. This phenomenon may be one reason why there are few reports of gene-targeted animals produced by SCNT. Reversal of this phenotype in fibroblasts by NT, as described in this report, indicates that the causes of selection-based senescence are not permanent. Cell rejuvenation provides an alternative strategy to more efficiently produce gene-targeted animal models. Interestingly, senescence of CFTR-targeted fibroblasts was not a major obstacle in the cloning of CF pig models (see the companion article in this issue; ref. 29) , suggesting that species-specific factors likely influence the biology of selection-induced senescence.
The creation of both ferret and pig CF models provides new opportunities for dissecting the pathophysiology of CF and testing of new therapies not previously approachable in mouse models of this disease. Furthermore, the fact that AAV-mediated gene targeting was successfully used to genetically engineer both ferret and pig models suggests that this technology may be generally applicable to modeling in any species. It remains unknown whether homozygous CFTR gene-disrupted ferrets will contract lung disease identical to that of humans. However, regardless of their phenotype, it is likely the field will learn much about CFTR biology from this model, as has been the case for CF mice. Under the proper light cycle, ferrets can reach sexual maturity in approximately 5-6 months. Hence, with a gestation time of 42 days, CFTRdeficient ferrets could be available in approximately 1-1.5 years. Since ferrets are a preferred model for other devastating infectious human lung diseases, such as H5N1 influenza (5) and SARS virus (4), the ability to generate genetically engineered ferrets may also be of significant utility to pandemic viral disease research.
Methods
Animals. Ferrets were purchased from Marshall Farms. Female sable jills (virgin, 6-7 months of age) and albino jills (primipara, 9-12 months of age) were in estrus when delivered. Vasectomized male ferrets (albino, 12 months of age) were used for mating to induce follicular oocyte maturation in oocyte donor jills and to induce pseudopregnancy in NT embryo surrogate jill recipients. All ferrets were housed in separate cages under controlled temperature (20-22°C) and long daylight cycle (16 hours light/ 8 hours dark). Ferret chow was obtained from Marshall Farms. The use of animals in this study was carried out according to a protocol approved by the University of Iowa Institutional Animal Care and Use Committee and conformed to or exceeded NIH standards. Collection of fetal ferret fibroblast. Fetal ferret fibroblasts were obtained from 28-dpc fetuses derived from a sable (female) × sable (male) mating (Marshall Farms) as previously described (30) . Each fetus was treated individually. Karyotype analysis was performed on each embryo line, and only male fibroblasts with a normal chromosomal profile were used for SCNT and CFTR gene targeting with rAAV.
Cloning ferret CFTR genomic DNA. Ferret genomic DNA was extracted from internal organs collected from an E28 female fetus and used to construct a ferret genomic BAC library through the BACPAC Resources Center (http:// bacpac.chori.org) at Children's Hospital Oakland Research Institute. The average length of the ferret genomic DNA inserts in this library is approximately 150 kbp. BAC clones encompassing ferret CFTR exon 10 were isolated from this library after screening with the CFTR exon 10 probe, synthesized according to the partial ferret CFTR cDNA sequence (gb:S82688) (9).
BAC DNA from the CFTR-positive clone was prepared with the ΨCLONE BAC DNA isolation kit (Princeton Separations). Sequencing of the CFTR exon 10 and adjacent introns was initiated with 2 primers located inside the CFTR exon 10 region (primers: e10F: 5′-TGATGATTATGGGAGAGTT-GGAGCC-3′ and e10R: 5′-GCATGCTTTGATGACACTCCTG-3′). Primer walking was used to sequence approximately 2 kb on each side of exon 10 to generate a contig for cloning of the targeting vector. Based on the obtained CFTR genomic sequence, primers for subcloning were designed, and two 2.0-kb CFTR fragments containing exon 10 and flanking intronic sequence were retrieved from BAC DNA by PCR with AccuPrime Pfx SuperMix (Invitrogen). The PCR products were cloned into the pBlunt4PCR vector with Topo cloning kit (Invitrogen) and confirmed by sequencing. The resultant plasmids were designated as pTopo-Left and pTopo-Right, encompassing exon 10 and left-arm or right-arm introns, respectively.
Generation of CFTR-targeting proviral vector. To construct the AAV targeting vector centered on CFTR exon 10, a 0.97-kb left homologous arm and a 1.23-kb right homologous arm were retrieved by PCR from pTopo-Left and pTopo-Right, respectively. The primer set for the left arm was: 5′-ccatcgatGGCACCCCTGTGTTATCTTTCT-3′ (forward) and 5′-ccggtacctatca-GATCCAGGAAAACTGAGAGCAG-3′ (reverse). The right-arm set was: 5′-ccatcgatgcggccgcgagctcGCCTGGCACCATCAAAGAAAAC-3′ (forward) and 5′-ggactagtggatccGATGGCCTTTCCTTTGGATGGA-3′ (reverse) (lowercase letters indicate restriction enzyme sequences introduced for cloning). The reverse primer of the left arm and forward primer of the right arm are located at the center of exon 10. The 2 PCR products together with a 1.7-kb PGK promoter-driven neomycin resistance expression cassette were assembled and finally cloned into an AAV2 proviral plasmid, giving rise to vector harboring 2.3-kb ferret CFTR genomic DNA with a neomycin cassette inserted at the center of exon 10. The rAAV2 targeting virus (AV.CFtarg) was produced as previously described using a triple plasmid transfection procedure in 293 cells and purified over an iodixanol cushion followed by ion exchange HPLC (31) .
Screening for CFTR-targeted fibroblast clones. Targeting was initiated by infecting ferret primary fibroblasts derived from a male E28 fetus with AV.CFtarg at a multiplicity of infection of 100,000 particles per cell. On day 1 following infection, fibroblasts were subsequently serially diluted into twenty 96-well plates at 200-500 cells per well. These seeding densities allowed approximately 15%-30% of wells to give rise to G418-resistent clones. Selection was initiated on day 2 following replating by the addition of 300 μg/ml G418 to the media, and cells were cultured for an additional 15 days. Typically, this screening gave rise to approximately 500 G148-resistant clones, which were subsequently expanded into 3 replica 96-well plates. Once these replica plates reached confluence, a single plate was used for PCR screening of flanking genomic sequences outside each targeting arm of the vector and anchored sequences within the vector. Nested PCR screening was then performed for the predicted left-side homologous recombination event. Cells in the 96-well plates were directly lysed with 10 μl per well of lysis buffer (50 mM KCl, 1.5 mM MgCl2, 10 mM Tris, pH 8.5, 0.5% NP40, 0.5% , and 10% of the cell lysate (1 μl) was used for PCR with the first-round PCR primer set: F1 (5′-TGGTTTCAAGGGAAT-GGGGTC-3′) and intR1 (5′-AAGCGAAGGAGCAAAGCTGCTA-3′). Two percent of the first-round PCR products was then used as template for the second-round PCR with primers: F2 (5′-GGTGCAGGAGGTGTTTT-GTCATAGA-3′) and intR2 (5′-GCTAAAGCGCATGCTCCAGACT-3′). The positive clones were further confirmed by another nested PCR reaction against the right arm of the integration site using the first-round primer set: intF1 (5′-CGGACCGCTATCAGGACATAG-3′) and R1 (5′-TACGAAAT-GCAGCAAGCGCC-3′); and the second-round nested primer set: intF2 (5′-AGGTGTCATTCTATTCTGGGG-3′) and R2 (5′-CCCAGGCATCCCT-GAAACT-3′). The clones that were PCR positive for both the left and right A Percent efficiency of transferred oocytes that gave rise to live births. B One abandoned pup was transferred to a foster jill. C Despite the fact all pups were born healthy, the jill only nursed one pup and neglected others or failed to nurse all pups in the litter.
arms of the predicted integration event were expanded to 24-well plates prior to NT rederival of 21-day embryo fibroblasts. Fibroblasts derived from cloned 21-day embryos were used for isolation of genomic DNA and Southern blot confirmation of the integration event. Genomic DNAs were digested with either AflII (which has a unique site in the targeting vector) or BamHI (which does not cut within the targeting vector). Southern blotting was visualized with a 32 P-labeled CFTR probe against the 5′ upstream intronic CFTR sequence of the left homologous arm or a Neo probe against the neomycin cDNA.
Rejuvenating fibroblast lines using SCNT. Rederival of highly proliferative fetal fibroblasts from PCR-positive CFTR gene-targeted senescent cells was accomplished using SCNT. Immature oocytes were obtained from sable jills mated with vasectomized male ferrets 24 hours prior to collection. To retrieve the oocytes, jills were euthanized by administration of pentobarbital sodium injection (50-100 mg/kg, i.p). Preovulated follicles were punctured with fine forceps in mPBS (Dulbecco PBS supplemented with 0.1% [wt/vol] d-glucose, 36 mg/l pyruvate, and 0.4% [wt/vol] BSA) to release the cumulus-oocyte complexes (COCs). COCs were cultured in TCM-199 plus 10% FBS plus 10 IU/ml equine chorionic gonadotrophin (eCG; G4527; Sigma-Aldrich) plus 5 IU/ml of human chorionic gonadotrophin (hCG; C8554; SigmaAldrich). For enucleation, oocytes were transferred to mPBS medium containing 7.5 μg/ml cytochalasin B (CB; C6762; Sigma-Aldrich) in the micromanipulation chamber. Using Nomarski optics, the first polar body and chromosome spindle were aspirated with a minimal volume of oocyte cytoplasm with a 20-μm (inside diameter [ID]) PeizoDrill glass pipette (Humagen). A senescent fibroblast (diameter ≥40 μm) was inserted into the perivitelline space (PVS) of enucleated oocytes using another pipette (35 μm ID). This larger-diameter pipette was specifically needed to accommodate the larger size of senescent fibroblasts. The NT-reconstructed embryos were transferred into fusion medium (0.3-0.26 M mannitol, 0.1 mM MgCl2, 0.1 mM CaCl2, 0.5 mM HEPES, 0.01% [wt/vol] BSA), placed between 2 parallel electrodes and subjected to an electrical pulse of 1 DC of 180 V/mm for 30 μs from an ECM 2001 (BTX). The fused embryos were then activated with 5 mM ionomycin for 4 minutes, then 2 mM 6-dimethylaminopurine for 3 hours. Activated embryos were cultured for 24 hours and then were transferred into pseudopregnant albino recipient jills. A pseudopregnant state was achieved in surrogate albino virgin jills through mating with a vasectomized albino male 24 hours prior to embryo transfer. At E21 the fetuses were collected and fetal fibroblasts were established as described above, except 300 μg/ml G418 was added to the media. Once expanded, these cells were then used for Southern blot screening of the CFTR gene targeting event.
Cloning of CFTR-targeted ferrets by SCNT. The procedure described for rejuvenating fibroblast lines by SCNT was also used for cloning live-birth ferrets from Southern blot-confirmed E21 CFTR gene-targeted fibroblasts (CL-B96 clone) with minimal modification. Briefly, the same pipette was used for both enucleating the oocyte and insertion of fibroblasts into the PVS of enucleated oocytes. All other NT procedures were identical to those described above. The reconstructed embryos were transferred into albino primipara pseudopregnant jills. If natural birth did not occur at 42 days gestation, the recipients were treated with prostaglandin (Lutalyse; Pfizer; 0.5 mg to 1 mg i.m.) to induce labor. If no kits were delivered within 3 hours, 0.3 ml of oxytocin was subsequently administered to the jill. 
